Tomato, an essential crop in terms of economic importance and nutritional quality, is also used as a model species for all fleshy fruits and for genomics of Solanaceae. Tomato fruit quality at harvest is a direct function of its metabolite content, which in turn is a result of many physiological changes during fruit development. The aim of the work reported here was to develop a global approach to characterize changes in metabolic profiles in two interdependent tissues from the same tomato fruits. Absolute quantification data of compounds in flesh and seeds from 8 days to 45 days post anthesis (DPA) were obtained through untargeted (proton nuclear magnetic resonance, 1 H-NMR) and targeted metabolic profiling (liquid chromatography with diode array detection (LC-DAD) or gas chromatography with flame ionization detection (GC-FID)). These data were analyzed with chemometric approaches. Kohonen self organizing maps (SOM) analysis of these data allowed us to combine multivariate (distribution of samples on Kohonen SOMs) and univariate information (component plane representation of metabolites) in a single analysis. This strategy confirmed published data and brought new insights on tomato flesh and seed composition, thus demonstrating its potential in metabolomics. The compositional changes were related to physiological processes occurring in each tissue. They pointed to (i) some parallel changes at early stages in relation to cell division and transitory storage of carbon, (ii) metabolites participating in the fleshy trait and (iii) metabolites involved in the specific developmental patterns of the seeds.
Tomato, an essential crop in terms of economic importance and nutritional quality, is also used as a model species for all fleshy fruits and for genomics of Solanaceae. Tomato fruit quality at harvest is a direct function of its metabolite content, which in turn is a result of many physiological changes during fruit development. The aim of the work reported here was to develop a global approach to characterize changes in metabolic profiles in two interdependent tissues from the same tomato fruits. Absolute quantification data of compounds in flesh and seeds from 8 days to 45 days post anthesis (DPA) were obtained through untargeted (proton nuclear magnetic resonance, 1 H-NMR) and targeted metabolic profiling (liquid chromatography with diode array detection (LC-DAD) or gas chromatography with flame ionization detection (GC-FID)). These data were analyzed with chemometric approaches. Kohonen self organizing maps (SOM) analysis of these data allowed us to combine multivariate (distribution of samples on Kohonen SOMs) and univariate information (component plane representation of metabolites) in a single analysis. This strategy confirmed published data and brought new insights on tomato flesh and seed composition, thus demonstrating its potential in metabolomics. The compositional changes were related to physiological processes occurring in each tissue. They pointed to (i) some parallel changes at early stages in relation to cell division and transitory storage of carbon, (ii) metabolites participating in the fleshy trait and (iii) metabolites involved in the specific developmental patterns of the seeds.
Introduction
Tomato is one of the most important fresh and processed vegetables in economic importance and consumption with a world production of about 122 Mt in 2005 (http://faostat.fao.org/). Tomato fruit organoleptic quality is a direct function of its metabolite content. Tomato is also a model species for studies of fruit development and ripening (Giovannoni, 2004; Stevens et al., 2007) and was proposed as a model system to study seed development (Hilhorst et al., 1998) .
Metabolism related changes occur in response to developmental events (Tarpley et al., 2005) in whole plants or individual organs such as fruit. The developmental changes, triggered by internal programming and response to environmental factors, induce metabolic transitions that result in modifications of final metabolite concentrations. Indeed, many structural and metabolic changes occur during tomato fruit flesh and seed development and maturation (Gillapsy et al., 1993; White, 2002; Giovannoni, 2004; Cheniclet et al., 2005) . These processes allow development of both tissues in a coordinated manner (Ozga and Reinecke, 2003) . On one hand, seeds influence flesh development through hormonal cross-talk (Gillapsy et al., 1993) . On the other hand, fleshy tissues have been proposed to prevent precocious seed germination (Berry and Bewley, 1992) . After ovule fertilization, seed development is characterized by different steps: seed formation, early embryo development with cell divisions in the peripheral integuments, endosperm development, embryo maturation involving cotyledon development, and finally rootshoot axis establishment (Gillapsy et al., 1993) . In parallel, after ovule fertilization, early tomato berry development is characterized by a period of cell division in fruit flesh followed by a long period of polyploidyassociated cell expansion (Gillapsy et al., 1993; Cheniclet et al., 2005; Lemaire-Chamley et al., 2005) . Cell expansion triggers the formation of large vacuolated cells associated with cell wall changes and accumulation of solutes such as sugars, organic acids and other compounds maintaining cell turgor. This cellular process greatly contributes to the fleshy trait of the fruit. Finally, during the ripening phase that occurs after embryo maturation, the tomato fruit acquires the color, texture and aroma attributes underlying its sensory quality.
To date, few metabolomics studies have been performed in tomato fruit. Gas chromatography-mass spectrometry (GC-MS) was used to characterize the fruit pericarp composition in transgenic plants (Roessner-Tunali et al., 2003) , assess metabolic diversity in genetic resources (Schauer et al., 2005) or measure metabolic changes associated with fruit development (Carrari et al., 2006) . Metabolite profiling with proton NMR spectroscopy ( 1 H-NMR) was used on the whole fruit or pericarp tissue to detect unintended effects following a genetic modification (Le Gall et al., 2003; Mattoo et al., 2006) . Targeted analyses of carbohydrates (Obiadalla-Ali et al., 2004) , amino acids (Boggio et al., 2000) , carotenoids and isoprenoids (Fraser et al., 1994; Burns et al., 2003) or lipids (Whitaker, 1988; Yilmaz et al., 2001) have been achieved mainly during the ripening phase. Recent analyses of tomato seed composition have been focused on mature fruit seeds, consistent with the potential economic importance of tomato industry byproducts (Persia et al., 2003; Knoblich et al., 2005) and with fruit quality for human nutrition (Toor and Savage, 2005) . Data on carbohydrate (Sunitha and Bradford, 2001) , amino acid and carotenoid (Knoblich et al., 2005) or lipid (Camara et al., 2001 ) composition in seeds have been collected at the ripe fruit stage. However, data on compositional changes during seed development as published for Arabidopsis (Baud et al., 2002) do not exist for tomato to our knowledge. Moreover, parallel analyses on both flesh and seed tissues of the same biological material are missing. The development of a metabolomics approach simultaneously analyzing tomato flesh and seeds offers new approaches to studying the relationships between metabolic changes and developmental patterns in fruit.
The aim of the present study was to characterize metabolic changes in tomato flesh and seeds in relation to crucial changes in fruit growth and development patterns. Firstly, we developed a global approach to quantify compositional changes in metabolic profiles during fruit development and ripening. We used untargeted metabolic profiling through 1 H-NMR, and targeted liquid chromatography with diode array detection (LC-DAD) or gas chromatography with flame ionization detection (GC-FID). We favored quantitative metabolite profiling, i.e. absolute quantification of unambiguously identified metabolites (Nielsen and Oliver, 2005) , in order to facilitate the study of metabolite/ metabolite or metabolites/developmental characteristics correlations. Secondly, the chemometric analyses of these data were achieved using Principal Component Analysis (PCA) and Artificial Neural Networks (ANN). This approach revealed parallel and opposing metabolic patterns in flesh and seeds, highlighted the tissue specificity of many metabolites, and provided new insights on the relationships between metabolic changes and development patterns in tomato fruit.
Materials and methods

Plant material
Tomato (Solanum lycopersicum L., cv Ailsa Craig) plants were grown in a growth chamber with a 15-h-day (25°C)/9-h-night (20°C) cycle with an irradiance of 400 lmol m )2 s )1 and 75-80% humidity. Individual flowers were tagged at anthesis (flower opening). The fruit number per truss was limited to six. Changes in fruit diameter were measured every 5 days on 12-36 fruits. The fruits were further selected according to size, color, and position on the truss (elimination of the first and last fruit of the truss), and collected at six times expressed in days post anthesis (DPA): division phase (8 DPA), transition between division and expansion phases (12 DPA), expansion phase (20 DPA), mature green stage (35 DPA) and red ripe fruit (45 DPA). For each stage, three pools of fruit were harvested from 15 plants: 12 fruit pools for 8 and 12 DPA, and 6 fruit pools for 20-45 DPA. Each fruit pool was collected from at least six plants. For each pool, the locular content was rapidly separated into ÔseedsÕ and locular tissue. ÔFleshÕ samples were constituted of all the fruit tissues, including the locular tissue, without the seeds. All samples were rapidly frozen and ground in liquid nitrogen and stored at )80°C until use for metabolite profiling. Frozen samples were lyophilized just before untargeted or targeted metabolite analyses.
Three other pools of 6 or 12 fruits (depending on the stage of development) cultivated in the same conditions were used to measure seed fresh weight, and flesh and seed dry matter contents. For each seed sample, seeds were collected from one fruit pool, the fresh weight was measured and seed number was counted to calculate seed fresh weight. Then for each fruit pool, part of the flesh or seeds was weighed and lyophilized to determine dry matter content.
Extraction and 1 H-NMR analysis of polar compounds
Polar metabolites were extracted according to Moing et al. (2004) . Briefly, for each sample, two subsamples (50 mg DW each) were extracted successively with 80% ethanol-water, 50% ethanol-water (v/v) and water at 80°C for 15 min. The supernatants were combined, dried under vacuum and lyophilized. The dried extracts were titrated with KOD to pH 6 in 400 mM potassium phosphate buffer in D 2 O, and lyophilized again. The dried titrated extracts were stored in darkness under vacuum at room temperature before 1 H-NMR analysis within one week.
1 H-NMR spectra were recorded on each dried titrated extract solubilized in 0.5 mL D 2 O containing the sodium salt of (trimethyl)propionic-2,2,3,3-d4 acid (TSP) at a final concentration of 0.01% for chemical shift calibration, at 500.162 MHz on a Bruker Avance spectrometer using a 5 mm inverse probe and the ERETIC method (Akoka et al., 1999) for quantification as described previously (Moing et al., 2004) . Ethylene diamine tetraacetic acid was added at a final concentration of 20 mM to improve spectrum resolution, especially in the citrate region. Sixty-four scans of 32 K data points were acquired with a spectral width of 6000 Hz, acquisition time of 2.73 s and recycle delays of 25 s. An automation procedure (automatic shimming and automatic sample loading) requiring about 40 min per sample was used for data acquisition. Preliminary data processing was carried out with XWINNMR software (Bruker Biospin, Karlsruhe, Germany). FIDs were Fourier transformed (0.3 Hz line broadening), manually phased and baseline corrected. The resulting spectra were aligned by shifting TSP signal to zero. Metabolite concentrations in the NMR tube were calculated using the metabolite mode of AMIX software (version 3.5.6, Bruker) for calculation of resonance areas, followed by data export to Excel software. Quantification was carried out using a glucose calibration curve and the proton amount corresponding to each resonance for all compounds except fructose, glutamine and glutamate. These metabolites were quantified using specific calibration curves of the corresponding compound. Metabolite concentrations in each sample were then calculated based on concentrations in the NMR tube and sample dry weight. The concentration of each organic or amino acid was expressed as g of the acid form per weight unit.
1 H-1 H COSY (2D-Homonuclear Correlation Spectroscopy) experiments were carried out to verify the identity of known compounds and to determine if signals from unknown compounds truly corresponded to signals from different compounds. Each COSY spectrum was obtained using the cosyqf45 pulse program (COSY using a 45°read pulse), relaxation delay of 1 s, 90°pulse of 9.75 ls, spectral width 6000 and 5000 Hz for f1 and f2 dimensions respectively, 4 K datapoints in f2, 256 in f1. The concentration of NMR unknown compounds was calculated on the assumption that the measured resonance corresponded to one proton and using an arbitrary molecular weight of 100 Da.
Starch analysis
Starch remaining in the pellet after polar compounds extraction was converted to glucose using amyloglucosidase (Moing et al., 1994) and the resulting glucose was analyzed enzymatically following NADH production at 340 nm (Kunst et al., 1984) with adaptation to a microplate spectrophotometer (Dynatech, St Cloud, France) (Velterop and Vos, 2001 ).
Extraction and GC analysis of lipids
Lipid profiling was achieved by the quantification of fatty acids derived from lipids and converted to the corresponding fatty acid methyl esters (FAMEs) (Browse et al., 1986) . From each fruit or seed sample, two aliquots (10 mg DW each) were heated for 1 h at 80°C in presence of 1 mL of methanolic H 2 SO 4 (2.5%, v/v) and 5 lg of C17:0 fatty acid as internal standard for quantification. After cooling, 1 mL hexane and 1 mL H 2 O containing 2.5% NaCl (w/v) were added. FAMEs were extracted by vigorous shaking and the hexane phase was separated by centrifugation (1500·g, 5 min, 5°C). The hexane extraction was repeated once and the hexane extracts were pooled and evaporated to dryness under a nitrogen flux. The dry extract was solubilized in 1 mL hexane and 1 lL was injected in a Hewlett-Packard 5890 II (Wilmington, DE, USA) gas chromatographer equipped with a Carbowax column (15 m·0.53 mm, 1.2 lm) (Alltech Associates, Deerfield, IL, USA), flame ionization detection and electronic integration (HewlettPackard 3396 III). Temperature gradient was: 160°C for one min, increased to 190°C at 20°C min )1 , increased to 210°C at 5°C min )1 , and then 210°C for 5 min. FAMEs were identified by comparing their retention times with those of commercial standards (Sigma Chemical Co., St Louis, MO, USA): C16:0 (palmitic acid), C18:0 (stearic acid), C18:1 (oleic acid), C18:2 (linoleic acid), C18:3 (linolenic acid) and C20:0 (arachidic acid) and C22:0 (behenic acid). FAMEs were quantified by comparison with the C17:0 response.
Extraction and LC analysis of isoprenoids
Isoprenoids were extracted and analyzed as described (Fraser et al., 2000) with slight modification (Te´lef et al., 2006) . Briefly, 10 mg of lyophilized sample were mixed using a hand-held homogenizer with 1 mL of methanol and then 1 mL of Tris-HCl buffer (0.05 M, pH 7.5). The suspension was incubated at 4°C during 10 min with punctual inversion mix and 4 mL of chloroform were added. The samples were vortexed and centrifuged 5 min at 3000·g. The lower phase was removed and two additional extractions with 4 mL of chloroform were carried out on the aqueous phase. The pooled chloroform extracts were dried under a stream of nitrogen, immediately resuspended in 200 lL of ethyl acetate and injected into the HPLC system. Isoprenoid separation, identification and quantification were as described in Te´lef et al. (2006) .
Chemicals
D 2 O (99.9%) was purchased from Eurisotop (Gif sur Yvette, France). TSP (98%) was purchased from Aldrich (Saint Quentin Fallavier, France). All the other chemicals were of reagent grade.
Data analysis
For growth parameters and individual metabolites, mean ± standard deviation (SD) were calculated from n replicates. For all biochemical analyses two extractions were completed to measure the concentration of each biological replicate, then the mean of 3 biological replicates was calculated. Mean comparison between flesh and seeds for each stage of development was done using StudentÕs t-test with SAS software version 8.01 (SAS Institute, 1990) . Pearson correlation coefficients between metabolites were calculated. Significance levels for correlation coefficients r were determined following the number of metabolite pairs n by using t = rAE(n)2) 0.5 / (1)r 2 ) 0.5 . To explore the metabolite multidimensional data set, two unsupervised statistical methods were used: PCA (Lindon et al., 2001 ) and the self-organizing map (SOM) algorithm (Kohonen, 2001 ) that is a particular application of ANN. PCA was performed, on mean-centered data scaled to unit variance, using SAS software version 8.01 (SAS Institute, 1990) . To apply the SOM algorithm, the Matlab software, 1.6.1 version was used with a program file written by the authors (Giraudel and Lek, 2001) . A SOM package for Matlab is available at http:// www.cis.hut.fi/projects/somtoolbox/. All calculations were performed using a computer equipped with an Intel Pentium Ò III-2GHz processor. SOM analysis was performed on mean-centered data scaled to unit variance. The Kohonen network consists in two layers of neurons: the first layer (input layer) is connected to each vector of the data set (i.e. one vector is a real tomato flesh or seed sample with 44 standardized metabolites) and the second layer (output layer), which is the Kohonen map, forms a two-dimensional array of neurons arranged on a hexagonal lattice (figure 1). For this purpose, in each hexagon, a reference vector is considered. The reference vectors correspond to virtual tomato samples with metabolites to be computed. In the output layer, the units of the grid (virtual tomato samples) give a representation of the distribution of the tomato samples in an ordered way. The modifications of the virtual tomato samples are achieved through an ANN and computed during a training phase by iterative adjustments. For learning, only input units are used, no expected-output data is given to the system: this is referred to as an unsupervised learning. In this work, the parameters were chosen according to KohonenÕs advice (Kohonen, 2001 , chapter 3) as follows: flat rectangular maps were selected; the neighborhood kernel was described in terms of a Gaussian function; the number of iterations was 500 times the number of the map units with 2000 iterations for the ordering phase of the learning. Maps of different sizes were constructed to modulate their resolution capability. Then each map was read considering the relative positions of the samples and their comparison. Moreover, the chemical composition of each virtual tomato sample was used to display the distribution of each metabolite on the organized map on which real samples were plotted. This two-dimensional representation can be considered as a ''component sliced'' version of the SOM. A gray shade gradient was used to represent metabolite concentrations.
Results
Fruit growth and development
Under the growth conditions used in this study, the fruit was ripe at 45 DPA. Fruit diameter (figure 2a) increased rapidly from anthesis to 15 DPA and leveled off at mature green stage (35 DPA). Increase in fruit fresh weight (figure 2b) paralleled increase in diameter corresponding to increases of pericarp and columella thickness (figure 2c). The weight of the entire fruit reached 40 g FW at 45 DPA. Seed fresh weight Figure 1 . Representation of the unsupervised ANN approach with the Kohonen self-organizing map, showing the input neurons (observed metabolite data) and the output neurons (virtual tomato tissues) organized on a rectangular two-dimensional lattice.
(figure 2b) increased rapidly from 8 DPA to 20 DPA, remained stable between 20 DPA and 35 DPA and then reached 25 mg FW per seed at 45 DPA. Fruit and seed fresh weights showed parallel changes during fruit development, except between 20 DPA and 35 DPA. During this period, the dry matter content of flesh increased only slightly from 6.5 ± 0.6 to 8.4 ± 0.9 % FW (mean ± SD of 3 replicates) whereas the dry matter content of seeds showed a strong increase from 8.1 ± 1.2 to 20.8 ± 0.7% FW (mean ± SD of 3 replicates). Therefore, between 20 DPA and 35 DPA, the seed water content decreased.
Identification of tomato fruit metabolites
For the untargeted NMR analyses, the major metabolites of each extract were identified after peak assignment using 1 H-NMR spectra from pure compounds associated with comparison of published data (Fan, 1996; Le Gall et al., 2003; Choi et al., 2004; Moing et al., 2004) . Table 1 shows the resonances used for identification and absolute quantification of the metabolites. Among the 33 identified compounds, 25 were quantified. One compound with a 1D spectral pattern (one doublet at 5.00 ppm, 3.86 Hz, one doublet at 5.44 ppm, 3.82 Hz) similar to that of raffinose
was classified as a trisaccharide composed of glucose, fructose and galactose units. This compound was tentatively identified as planteose
, a major oligosaccharide in tomato seeds (Downie et al. 2003 ) and referred to herein as planteose-like. Additionally, five unknown compounds were quantified in arbitrary units. Unknown compounds were named using the mid value of the chemical shift and the multiplicity of the corresponding resonance group (i.e. unknownD5.1 for a doublet at 5.10 ppm). UnknownD5.1 belongs to the sugar family and was therefore named unkSugarD5.1. UnknownD6.2 may be an adenosine-containing compound since part of its 1D spectral pattern was similar to those of adenosine, adenosine diphosphate and adenosine triphosphate recorded under the same conditions of buffer and NMR acquisition. The coupling constant of the 6.2 ppm doublet of unknownD6.2 was 5.65 Hz while that of C1¢H of the ribose of adenosine diphosphate was 5.63 Hz. The two singlets of the C2H and C8H rings expected at 8.54 (UnkS8.5) and 8.37 ppm, were present with the expected intensity ratio with the 6.2 ppm doublet. Moreover, in a COSY spectrum of a representative extract of seeds, the resonance of the 6.2 ppm doublet showed correlation with resonances at 4.79 ppm as expected between the C1H¢ and C2H¢ of ribose. However, in some extracts, the intensity ratio between the 6.2 ppm doublet and the 8.54 ppm singlet was biased by resonance overlapping with another compound. Therefore unkD8.5 was considered as a mixture between an adenosinecontaining compound and other compound(s). The other unknown compounds could not be integrated into a metabolite family. Figure 3 shows the typical 1 H-NMR spectra obtained at 500 MHz and annotated following table 1, for flesh (a) and seed polar extracts (b) at 20 DPA. From visual inspection of these spectra, it is clear that there is a significant variation between the flesh and seed for many spectral domains, especially the phenolic region from 6 ppm to 9 ppm and the sugar region around residual water (4.5-5.7 ppm).
Isoprenoid analysis by HPLC allowed identification and quantification of 11 isoprenoids (table 2). Some of these compounds were detected only at 35 and 45 DPA, such as lycopene, phytofluene, phytoene and a and ctocopherol whereas ubiquinone 9 was only detected at 35 DPA (data not shown).
FAMEs analysis allowed identification and quantification of eight fatty acids (table 2), among them six (palmitic, stearic, oleic, linoleic, linolenic) are ubiquitous and three (behenic, arachidic, lignoceric) are very long chain fatty acids (VLCFAs). The global concentration range of the different fatty acids was of about three orders of magnitude and linoleic, oleic and palmitic acids presented the highest concentrations.
In an attempt to identify unknown metabolites detected through 1 H-NMR experiments, correlation analyses between these metabolites and all other identified and quantified polar metabolites were carried out. In order to obtain robust information, a significance level of 0.001 was chosen for both flesh and seed samples considered separately. With these criteria UnkS5.55 was highly correlated with starch (r = 0.79 in flesh and 0.80 in seeds). UnkD6.2 was highly correlated with glutamate (r = 0.94 in flesh and 0.91 in seeds). UnkS8.5 was highly correlated with aspartate (r = )0.90 in flesh and 0.87 in seeds), c-aminobutyric acid (GABA, r = )0.82 in flesh and 0.90 in seeds), valine (r = )0.80 in flesh and 0.92 in seeds). The highly significant correlation between UnkS8.5 and UnkD6.2 (r = 0.94 for all flesh and seed samples) confirmed the assignment of UnkD6.2 as an adenosine containing compound as reported above.
Characterization of tomato fruit composition
Quantification values for 50 compounds (45 known compounds and the five unknown ones) are indicated for 8 and 45 DPA in table 2, illustrating huge changes both between these two developmental stages and between flesh and seeds. The total amount of all Fan (1996) and Choi et al. (2004) . d, doublet; dd, doublet of doublets; m, multiplet; s, singlet; t, triplet. a All compounds were quantified unless indicated otherwise. b Detected but not quantified. 
Metabolic trajectories during development
Among the 50 quantified metabolites, 44 metabolites were detected in more than two stages of development in the flesh or seed samples, and selected for multivariate analyses. They correspond to 7 known and one unknown sugars, 13 amino acids, 3 organic acids, 8 isoprenoids, 8 fatty acids and 4 unknown compounds. The matrix containing the data of these 44 metabolites in the 30 flesh or seed samples was explored using Principal Component Analysis (PCA). PCA allowed an overall view of the differences between flesh and seed samples and between stages, and revealed discriminatory metabolites. The first four principal components explained 87% of total variability. The first two PCA scores explained 67% of total variability (figure 4a). The biological replicates were clustered. The PCA analysis clearly identified the flesh and seed samples as different for each stage of development although they followed some parallel trajectories during development. The first principal component (PC1), explaining 45% of total variability, clearly separated the seed from flesh samples. Examination of PC1 loadings (figure 4b) suggested that the difference between the seed and flesh samples involved glucose, fructose, and several amino acids (isoleucine, phenylalanine, threonine, glutamine and tyrosine) on the positive side, and fatty acids and the planteose-like compound on the negative side. The second principal component (PC2), explaining 22% of total variability, separated early from late stages of development. Examination of PC2 loadings (figure 4B) suggested that this difference between stages involved isoprenoids (lutein, chlorophyll a, xanthophyll), c-amino-butyric acid, chlorogenate, fumarate, sucrose, starch, behenic, linolenic and lignoceric acids on the positive side, and planteose-like compound on the negative side.
Similarities between flesh and seeds and between stages of development
The matrix containing the data of all 44 metabolites in flesh and seeds (30 samples) was also explored by the SOM algorithm. A first map with nine units (figure 5a) was obtained, which showed a clear separation between flesh samples on one side, and seed samples on the other side. This map evidenced also the similarity between most successive stages of development for flesh (12 and 20 DPA, 35 and 45 DPA) and seeds (8 and 12 DPA, 35 and 45 DPA), and revealed metabolic trajectories following the stages of development for each tissue. For each principal component, the 12 loadings with higher absolute value are indexed with the corresponding metabolite name. achloro, chlorogenic acid; behen, behenic acid; chloa, chlorophyll a; fruc, fructose; fum, fumaric acid; gaba, c-aminobutyric acid; gln, glutamine; gluc, glucose; ileu, isoleucine; linoleic, linoleic acid; linolen, linolenic acid; ligno, lignoceric acid; lut, lutein; palm, palmitic acid; phe, phenylalanine; pyroglu, pyroglutamate; plant, planteose-like compound; stea, stearic acid; suc, sucrose; thre, threonin; tyr, tyrosine; xantho, xanthophyll.
45 DPA seed samples remained in the same unit, suggested metabolic similarities between the corresponding tissues or stages.
The concentrations of the 44 metabolites of each virtual tomato sample of the 15-unit map were used to display the concentration of each metabolite on this map. This allowed the drawing of 44 component plane representations corresponding to 44 metabolites, among which the 39 identified metabolites are presented in figure 6a-e. By observing these maps in comparison with figure 6f, a simplified version of figure 5b, changes in concentration appearing for some metabolites could possibly be related to the stage or tissue and visually reveal discriminant metabolites. Indeed, high concentrations in starch (figure 6a), chlorogenate, choline and lutein (figure 6d) were a common feature for flesh and seeds at 8 DPA. Examination of the concentration changes during development for both tissues (figures 7a-e for identified metabolites and data not shown for unknown compounds) confirmed the tendencies highlighted by the SOM analysis. The major differences between flesh and seeds and pattern similarities are summarized on a simplified metabolic map (figure 8). Concentrations were significantly higher in flesh than in seeds for fructose, glucose, starch (figure 7a), unknownsugarD5.1, unknownS5.4 (data not shown), glutamine, isoleucine, leucine, phenylalanine, threonine, tyrosine, valine (figure 7b) , and trigonelline (figure 7d) for most stages of development. Concentrations were significantly higher in seeds than in flesh for sucrose (figure 7a), fumarate (figure 7c) and the seven fatty acids (figure 7e) for most stages of development. For some metabolites, the changes during development were opposite in flesh and seeds. For glucose, sucrose (figure 7a), aspartate (figure 7b), unknownS5.55 (data not shown), UDP-glucose (figure 7a) concentration increased in flesh during several successive stages of development while it decreased in seeds. For leucine (figure 7b) and unknownS5.4 concentration changes during development showed symmetric trends for flesh and seeds. Although absolute concentrations were different, some metabolites followed nearly parallel changes during development in flesh and seeds [framed metabolites in figure 8: starch (figure 7a), glutamate, phenylalanine and valine (figure 7b), citrate (figure 7c), chlorogenate and lutein (figure 7d), arachidic, behenic and lignoceric acids (figure 7e)].
Discussion
New output of SOM analysis
A global analytical and chemometrics approach was developed and used to compare tomato flesh and seed through an elegant way, in a single analysis. SOM and PCA analyses appeared complementary to visualize metabolic trajectories during development with SOM highlighting better punctual changes and PCA revealing better parallel trajectories during development. This strategy confirmed published data (Valle et al., 1998; Rolin et al., 2000; Obiadalla-Ali et al., 2004; Carrari et al., 2006) and brought new data on tomato flesh and seed composition, thus demonstrating its potential in metabolomics. PCA and SOM multivariate and univariate kinetic analyses of metabolite data revealed: (i) common features during the development of flesh and seed tissues especially at early stages and (ii) specific features for each tissue (figure 8).
Flesh and seed compositional similarities
Surprisingly, flesh and seed tissues that clearly differ in structure and function showed some compositional similarities at early stages of development. At 8 DPA, multivariate analyses showed that flesh and seed samples were mapped close to each other. For instance, concentrations in mannose, choline, oleic, stearic, linoleic, linolenic and palmitic acids were similar in flesh and seeds at this stage. Moreover, parallel trends in flesh and seeds were observed for several metabolites during development. Thus, parallel decreases during early development were observed for starch, chlorogenate, trigonelline, arachidic, and lignoceric acids. This may reflect common features related to cell division, growth or differentiation in fleshy and seed tissues (Gillapsy et al., 1993; Hilhorst et al., 1998) .
At early stages (8 DPA), the fatty acid compositions of seed and flesh were similar and typical of the lipid composition generally encountered in membranes from higher plants (Millar et al., 2000) . The fatty acids mainly synthesized were ubiquitous phospholipids components (with 16 and 18 carbon atoms) or specific VLCFAs for other membrane lipids such as sphingolipids and ceramides. These results supported the fact that at these stages the fatty acids were largely involved in membrane synthesis. In the same way, at 8 DPA the high concentration of choline, a precursor of phosphatidylcholine [the most important phospholipid in plant membranes (Kent, 1995) ], could reflect high membrane synthesis. So, we can assume that membrane fatty acids and choline patterns reflect membrane synthesis related to active cell divisions occurring in flesh and seeds. Besides, the highest concentrations of trigonelline (N-methyl nicotinamide), a secondary metabolite that may play a role in cell cycle regulation (Minorsky, 2002) , were observed at early stages in flesh and seeds. More generally, the compositional similarities at 8 DPA may reflect common features of both tissues: low differentiation associated with active cell proliferation (Gillapsy et al., 1993) . Starch was transitorily accumulated in flesh and seeds at early stages of development. In fruit, the high starch concentrations from 8 DPA to 20 DPA corresponded to transitory storage of imported carbon reutilized during the expansion phase for soluble sugar synthesis (Schaffer and Petreikov, 1997; Obiadalla-Ali et al., 2004) . In seeds, the high starch concentrations at 8 and 12 DPA corresponded to transitory storage of imported carbon reutilized later during a high rate of lipid synthesis or for the synthesis of sugar contributing to the acquisition of desiccation tolerance as described for Brassicaceae (da Silva et al., 1997; Baud et al., 2002) . This early development of a capacity for starch synthesis and storage may be related to the establishment of a high sink strength in both tissues.
Flesh specificity
For fruit flesh, there is a general agreement between our data and previous data on polar extracts of entire fruit or pericarp polar compounds (Rolin et al., 2000; Schauer et al., 2005; Carrari et al., 2006) , starch (Yelle et al., 1988) , amino acids (Valle et al., 1998) and carotenoids (Bino et al., 2005 ) despite some differences possibly due to genetic and/or environmental effects. Compositional similarities between two successive stages of development, estimated from the visualization of metabolic trajectories using PCA or SOMs, showed that flesh samples from 8 DPA were not mapped close to those of 12 DPA. This indicates high metabolic changes between 8 DPA and 12 DPA in this tissue, which may reflect the developmental transition from cell division to cell expansion , in agreement with shifts in gene expression data (Lemaire-Chamley et al., 2005) .
During the cell expansion phase (12-35 DPA), flesh was characterized by the accumulation of soluble sugars and organic acids that contributed to the acquisition of the fleshy trait associated with fruit cell expansion. Cell enlargement mainly depends on the increase in turgor pressure, which is itself driven by osmolytes (mostly soluble sugars, organic acids and potassium) and water accumulation inside the vacuoles. During the ripening phase (35-45 DPA) the well-known increase in major pigments, lycopene and carotene characterized flesh and its color changes. In parallel, glucose, fructose and citrate concentrations, participating in the sugar/acid ratio, a major determinant of fruit taste, continued to increase. The high concentration in mannose [a constituent of cell-wall polymers (Greve and Labavitch, 1991) ] and UDP-glucose [a precursor for cell-wall biosynthesis (Seifert, 2004) ] in flesh may reflect changes in cell wall structure linked with fruit softening.
Seed specificity
Published data on tomato seed composition remain rather scarce in comparison with data on entire fruit or fruit pericarp. In the present experiment, concentration patterns in tomato seeds were in general agreement with that of cucumber seeds (Handley et al., 1983) and Brassicaceae seeds (Baud et al., 2002) for carbohydrates. Compositional similarities between two successive stages of development, estimated from the visualization of metabolic trajectories using PCA or SOMs, showed that 35 and 45 DPA seed samples remained in the same SOM unit, suggesting low metabolic changes in the seeds during this period of the fruit development. This is in agreement with the fact that the development of the embryo is finished at the beginning of fruit ripening (Hilhorst et al., 1998) .
Seeds were characterized by the accumulation of several metabolites, including c-aminobutyric acid, fatty acids, sucrose and the planteose-like compound. At early stages, the high concentration of c-aminobutyric acid observed in seeds may be related with a high flux of glutamine or glutamate import into the seed metabolized through glutamate decarboxylase, or reflects hypoxia (Shelp et al., 1995) in relation with high metabolic activity and low oxygen diffusion. The fatty acid concentration was always high in seeds and strongly increased from 8 DPA to 45 DPA. At the earlier stage, lipids composition reflected their involvement in membranes as indicated above. After 12 DPA the high modification of FAMEs profiles probably reflects a specific accumulation of fatty acids in seeds as triacylglycerols (Voelker and Kinney, 2001 ) that constituted the energy storage for a further germination. This implies that lipid synthesis pathways changed in seeds during development. The decrease in VLCFA concentration may be related to a decrease in the activity of stearoyl-CoA elongation, with stearate being essentially desaturated successively into oleate, linoleate and linolenate. Finally, seeds at 35-45 DPA were characterized by high concentrations in linoleic and oleic acids. Linoleic acid represented more than 50% of the total fatty acids, and VLCFAs only 0.7%, in good agreement with the data previously reported (Camara et al., 2001) . High concentrations of the planteose-like compound characterized seeds at 35-45 DPA. The presence of galactooligosaccharides in seeds, is in agreement with data in several plants species (Bailly et al., 2001; Karner et al., 2004) . In tomato seeds, where planteose is the major galactooligosaccharide, expression of a galactinol synthase gene correlated with dry weight deposition and desiccation tolerance. Therefore, planteose-like compound accumulation in tomato seeds may be related to the protection of cellular structures during desiccation and to the constitution of carbon reserves for early germination (Downie et al., 2003) .
Concluding remarks
In conclusion, a global analytical and chemometrics approach was developed and used to compare compositional changes in tomato flesh and seeds from the same fruits of the same plants. It was validated since it allowed to point to known metabolic changes. In addition, it revealed similarities and differences between the two tissues during fruit development. A map of the different metabolite concentrations at different stages of development for two tissues (flesh and seed) of tomato fruit was established. This approach and this map will be useful for further analyses of genotype and environment effects on fruit or seed quality, and for the characterization of metabolic modifications induced in fruit of transformant plants for candidate genes in functional genomics. The map will be refined separating the different tissues constituting the flesh and those constituting the seeds and using parallel transcriptomics data for some selected stages and tissues.
